Abstract. In this paper, we have studied the initial angular motion of a spinning shell with an overturning and yawing moment and shown that the frictional effects provided by the yawing moment change the initial rosette motion of the shell to one with a non-zero minimum yaw.
type of equation of Fowler et al. corrected for the damping effects provided by the yawing moment. The "yawing moment" is thus seen to be responsible for changing the nature of the initial yawing motion of the shell from rosette motion to one with a non-zero minimum yaw. The minimum and maximum yaw attained by the shell during the initial oscillations of the shell axis have been calculated and shown to agree well with the observed values given by Fowler et al.
The solution we have obtained in this paper applies only to stable shells, where the yaw in the initial motion does not change considerably, since we have taken for the tilting moment an expression which corresponds to a slow yawing motion of the shell. For unstable shells, where the initial variations of yaw could be large, a Fourier expansion must be made up to two terms of the moment coefficients as has been done by Fowler and Lock. It is hoped that a solution of the corresponding problem for unstable shells with nonlinear tilting moment can be obtained in a similar manner. By comparison with the observed variation of yaw it should then be possible to determine the damping coefficient of the yawing moment for unstable shells.
2. Aerodynamic moments influencing motion. The complete aerodynamic forcesystem influencing the motion of a spinning shell consists of five forces and five couples resolved along and normal to the axis of the shell. The definition of these forces is given by Nielsen and Synge [3] , and their complete vector specification by one of the present authors [4] . Out of the five air couples, the two that are supposed to influence the motion under study are (i) the tilting or overturning moment, tending to increase the yaw of the projectile and (ii) the yawing moment. The latter diminishes the cross angular velocity of the shell and thus provides a damping effect on the initial oscillation of the shell axis. The two air couples considered here are called by Nielsen and Synge "the cross torque due to cross velocity" and "the cross torque due to cross spin". According to [1] these torque vectors are given by M = ju(k X A), (2.1) Here, co3 is the axial spin of the shell and A and B are its axial and transverse moments of inertia (about the center of gravity). When the yaw does not exceed say 10°, the moment factor is independent of yaw and assumes the form (2.3). 3. Assumptions. (A.l) With Fowler and Lock we assume that the center of gravity of the shell moves uniformly in a straight horizontal line. This happens when the shell is fired horizontally with a large initial velocity, so that the analysis applies to the initial motions only. During this period the force due to gravity may be neglected. If G is the torque due to the air forces, we have
According to (A.l), we may write
In these relations (I, m, n) are the direction-cosines of the shell axis with respect to a set of fixed coordinate axes OXYZ, where OXY is the plane of fire and the axis OZ is to the right of the gunner, so that one has I = cos 8, m = sin 8 cos <t>, n = sin 8 sin 4>. If we put h = 0 in these equations (i.e. when there is no damping effect due to a yawing moment), we obtain after integration Since, throughout the motion, < c < 1 and therefore a2 -1 < a2 -c < o>2 -a! , it follows from (6.9) that a2 ~ l\~1/2 . fa2 -ai\~1/2 ---J" cos k > t + const., > j---> cos k,
If ax comes close enough to unity, which happens when the shell spins fast enough to be stable, and if we set 1 + al = 2a, we obtain The time period between two successive minima or maxima is given by 2ir/\Q. This shows the frequency of oscillations of the shell axis is the same for the damped and the undamped motion characterised by the approximate solutions (7.10) and (6.8). This is not strictly true. But for stable shells, it gives a fairly accurate result. Also from (8.1) it is clear that for K > 0 subsequent minimum values of yaw go on increasing steadily starting from a zero initial value.
For the axis of the shell to come to a position of equilibrium yaw, after the initial vibrations are damped out, the maximum yaw given by (8.1) must decrease steadily with increasing time. But this does not follow from (8.1); on the contrary we observe that the maximum yaw increases. This shows that the solution (7.10) cannot be continued too far as is obvious from the presence of a secular term in it. The first nonzero minimum yaw predicted by (7.10) agrees however well with observation, as is seen from Table I. 9. Concluding remarks.
The present solution does not work for unstable or just stable shells. In the latter case k turns out to be negative and hence no minimum yaw can be correctly predicted. For unstable shells, where the initial variation of yaw is relatively large, say, with an initial maximum of 15°, the calculated variation of yaw Table 1 Table showing the observed and calculated values of maximum and minimum yaw of a spinning shell during the 1st half period of vibration of the shell axis. 
